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ABSTRACT
Like the magnetised planets in our Solar System, magnetised exoplanets should emit
strongly at radio wavelengths. Radio emission directly traces the planetary magnetic
fields and radio detections can place constraints on the physical parameters of these
features. Large comparative studies of predicted radio emission characteristics for the
known population of exoplanets help to identify what physical parameters could be
key for producing bright, observable radio emission. Since the last comparative study,
many thousands of exoplanets have been discovered. We report new estimates for the
radio flux densities and maximum emission frequencies for the current population of
known exoplanets orbiting pre-main sequence and main-sequence stars with spectral
types F-M. The set of exoplanets predicted to produce observable radio emission are
Hot Jupiters orbiting young stars. The youth of these system predicts strong stellar
magnetic fields and/or dense winds, which are key for producing bright, observable
radio emission. We use a new all-sky circular polarisation Murchison Widefield Array
survey to place sensitive limits on 200 MHz emission from exoplanets, with 3σ values
ranging from 4.0 – 45.0 mJy. Using a targeted Giant Metre Wave Radio Telescope ob-
serving campaign, we also report a 3σ upper limit of 4.5 mJy on the radio emission
from V830 Tau b, the first Hot Jupiter to be discovered orbiting a pre-main sequence
star. Our limit is the first to be reported for the low-frequency radio emission from
this source.
Key words: radio continuum: planetary systems – radiation mechanisms: non–
thermal – plasmas
1 INTRODUCTION
Over the past few decades there has been a great effort
to discover planets outside our Solar System, with more
than 3700 systems now identified (Schneider et al. 2011).
The large contrast in optical or infrared brightness be-
tween the exoplanets and their host stars make discoveries
through direct imaging difficult. Thus the majority of the
currently known exoplanet population were discovered indi-
rectly, through searches for the influence of the exoplanet
on its host star (Perryman 2011). An alternative method
of direct detection of magnetised exoplanets is through ra-
dio observations, as the expected radio emission produced
by these planets could exceed the emission of the host star
(Grießmeier et al. 2005). Radio observations would also pro-
vide a direct measurement of the planet’s surface magnetic
field strength and in turn provide insight into the interior
composition of these planets. Further, Hess & Zarka (2011)
? E-mail: clynch@physics.usyd.edu.au
show that the variability of the radio emission in both time
and frequency can provide constraints on the rotational pe-
riod of the planet, the orbital period and inclination, and
the magnetic field tilt relative to the rotation axis.
The magnetised planets in our own Solar System are
observed to emit intense, low-frequency radio emission from
their auroral regions through the electron–cyclotron maser
instability (CMI). The observed emission is highly circularly
or elliptically polarised, beamed, and variable on time–scales
ranging from seconds to days (Wu & Lee 1979; Treumann
2006). This emission arises from the propagation of ener-
getic (keV) electrons along converging magnetic field lines
in the planet’s magnetosphere. Similarly, magnetised exo-
planets are expected to emit intense, low-frequency radio
emission (e.g. Winglee et al. 1986; Zarka et al. 2001).
The best targets for radio observation can be selected
through theoretical estimates of the main characteristics of
their planetary radio emission. The empirical relation called
the Radiometric Bode′s law (RBL), based on observations
of the magnetised Solar System planets, is primarily used to
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predict the intensity of radio emission from exoplanet. This
relation relates the incident energy flux of the stellar wind
to the radio power produced by a planet (Desch & Kaiser
1984; Zarka et al. 2001). However, the connection between
the stellar wind and planetary auroral radio emission may
not be as direct in large, co-rotating magnetospheres as it is
for Jupiter. Jovian aurorae are driven by currents that form
in the middle magnetosphere (Nichols 2011), although there
is some evidence that the Solar wind may have an indirect
effect on the produced Jovian emission (Gurnett et al. 2002).
There have been a number of theoretical studies that
estimate the expected radio flux densities from exoplanet
systems using the RBL. Focusing on five massive planets or-
biting Solar-like stars, Farrell et al. (1999) noted τ Bootes to
be an optimal target. Lazio et al. (2004) modelled the radio
flux density for 118 sources (known exoplanet population as
of 2003 July 01), finding planets with small orbital distances
to produce mJy level emission at frequencies between 10 −−
1000 MHz. Work by Stevens (2005) and Grießmeier et al.
(2005) focused on investigating how variations in the stel-
lar wind and mass-loss rate affect the expected radio flux
density. In the case of kinetic energy driven RBL, they find
that objects with higher mass–loss rates and wind veloci-
ties relative to the Sun are more favourable targets for radio
detections. This result suggests that Hot Jupiters located
in more exotic planetary environments, such as around pre-
main sequence stars (Vidotto et al. 2010; Vidotto & Donati
2017) or stars that have evolved off the main-sequence (Fujii
et al. 2016) may be ideal candidates for radio detections.
Grießmeier et al. (2007a) compared the predicted ra-
dio flux densities for 197 exoplanets (known population of
exoplanets as of 2007 January 13) using models where the
level of planetary radio emission is related to the incident
magnetic flux, incident kinetic energy of the stellar wind, or
the incident energy from coronal mass ejections. They found
that these different models lead to very different results,
with the magnetic energy model predicting the largest flux
densities. They note, however, that all energy input models
should be considered since it is not clear which dominates in
planet–star systems. Grießmeier et al. (2011) extended this
analysis by predicting the flux densities for an updated cat-
alogue of 547 objects (known population of exoplanets as of
2011 April 28).
Nichols (2011, 2012) suggest that radio emission from
some exoplanets may be dominated by a magnetosphere–
ionosphere coupling current system associated with an in-
ternal plasma source such as an active moon. The expected
radio emission from these planets would then not follow the
RBL. They find that in such systems, fast rotating mas-
sive planets orbiting in large orbits around stars, with bright
emission at X-ray to far-UV wavelengths, are capable of gen-
erating detectable radio emission. Further arguments against
the RBL suggest that for close-in planets magnetospheric
convection will saturate. These systems will not be able to
dissipate the total incident stellar wind energy and thus the
RBL will over estimate the flux densities substantially in
these cases (Jardine & Collier Cameron 2008; Nichols & Mi-
lan 2016).
In addition to these theoretical studies, there have been
many observational attempts to detect radio emission from
exoplanets. The first searches for radio emission from exo-
planets occurred before the first detection of the currently
known population of exoplanets (Winglee et al. 1986). Many
of the more recent searches have involved targeting nearby
Hot Jupiters previously detected through radial velocity and
transit observations (Bastian et al. 2000; George & Stevens
2007; Smith et al. 2009; Lazio et al. 2010; Stroe et al. 2012;
Lecavelier des Etangs et al. 2013; Hallinan et al. 2013; Lynch
et al. 2017; O’Gorman et al. 2018). Others have used obser-
vations from low-frequency sky surveys to search for emis-
sion at the location of known exoplanets (Lazio et al. 2004;
Sirothia et al. 2014; Murphy et al. 2015). Despite these ef-
forts there have been no unambiguous detections to date.
In this paper we update previous attempts to predict
the radio emission from exoplanets by applying the RBL to
the current population of known exoplanets. For systems
with predicted emission properties that make them ideal
candidates for detection, we place limits on their radio emis-
sion at 200 MHz using a recent Murchison Widefield Array
(MWA; Tingay et al. 2013) all-sky circular polarisation sur-
vey (Lenc et al. tted). We also report the results of a deep
Giant Metrewave Radio Telescope (GMRT) observing cam-
paign of a particularly interesting target, V830 Tau b, the
first confirmed Hot Jupiter orbiting a pre-main sequence star
(Donati et al. 2016).
2 RADIO EMISSION FROM EXOPLANETS
As described by Zarka (2007), there are in principle four
different types of interaction between a planetary obstacle
and an ambient stellar wind. These depend on whether the
stellar wind and planet are magnetised or un-magnetised. In
three of the four cases it is possible to produce intense non-
thermal radio emission; the only case where radio emission
is not produced is when an un-magnetised ambient wind
encounters a un-magnetised planet.
For cases where the star–planet interaction is expected
to produce radio emission, the RBL suggests that the ex-
pected radio power, Pradio, is roughly proportional to the
input power, Pinput, from the ambient stellar wind
Pradio ∝ Pinput (1)
In the same manner as Grießmeier et al. (2005, 2007a,b), we
determine the proportionality constant by scaling the Jo-
vian auroral radio emission, Pradio,J, with the input energy
from the stellar wind. Observations of Jovian auroral emis-
sion show that the observed radio power varies greatly over
time, with emission reaching powers as high as 4.5×1018 erg
s−1. We use the average power during periods of high activity
as a reference value, with Pradio,J = 2.1×1018 erg s−1. While
scaling RBL using Jupiter’s emission is standard practice,
note that the majority of Jovian emission is not driven by
an interaction with the Solar wind but by the planet’s rota-
tion (Nichols 2011). This limitation should be kept in mind
throughout the rest of this work.
The star–planet interaction can be decomposed into ei-
ther the dissipation of the kinetic power, Pinput,kin, of the
stellar wind protons impacting the planet’s magnetosphere
Pinput,kin = mpnv
3
eff piR
2
m (2)
or the interplanetary Poynting flux on the planet’s magne-
tosphere
Pinput,mag = (B2⊥/8pi) veff piR2m. (3)
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Here mp is the mass of a proton, n the number density of the
ambient stellar wind at the location of the planet, veff the
effective velocity of the stellar wind in the reference frame of
the planet, Rm is the radius of the planetary magnetosphere,
and B⊥ is the interplanetary magnetic field perpendicular to
the stellar wind flow. The radio flux density, Sν , expected
from a magnetised exoplanet at a distance d is then
Sν =
Pradio
Ωd2∆ν
(4)
where Ω is the solid angle of the beam of emitted radia-
tion, which we assume to be equivalent to that of Jovian
radio emission Ω=1.6 sr (Zarka et al. 2004) and ∆ν is the
bandwidth of the emission and is taken to be the maximum
emission frequency. Depending on the type of star–planet in-
teraction, the radio power will be given by scaling equation
(2) or (3) by Pradio,J.
Planetary CMI emission is produced near the local cy-
clotron frequency within the source region of the magneto-
sphere. The CMI radio spectrum is expected to show a sharp
cutoff at the cyclotron frequency associated with the max-
imum magnetic field strength, Bmaxp , close to the planet’s
surface. The maximum emission frequency, νmaxc , is then
νmaxc =
eBmaxp
2pime
≈ 2.8 MHz Bmaxp . (5)
Here, me and e are the electron mass and charge, and Bmaxp
is measured in Gauss.
For an observer to detect the radio emission from an
exoplanet, in addition to being bright enough, the emission
must also be able to propagate from the source to the ob-
server. The characteristic plasma frequency, νp, of a plasma
with number density n (in cm−3),
νp =
√
ne2
pime
≈ 8.98 KHz √n (6)
provides a lower frequency limit for the propagation of elec-
tromagnetic radiation. Emission at frequencies lower than
the local plasma frequency will be absorbed by the plasma.
In order for the emission to propagate from the exoplanet
system, the local cyclotron frequency within the source re-
gion, fmaxc , must be greater than the local plasma frequency
at every point along the line of sight
νmaxp < ν
max
c . (7)
Because the electron density of the stellar wind decreases
with distance, this condition is most restrictive at the orbital
distance of the planet. Thus to determine if CMI emission
is able to reach distant observers, it is sufficient to check
that equation (7) is satisfied at the orbital location of the
exoplanet. The emission frequency must also be larger than
the plasma frequency of Earth’s ionosphere for it to be ob-
servable by ground based telescopes. Earth’s ionosphere has
a number density <106cm−3 corresponding to a maximum
plasma frequency of 10 MHz.
An additional factor that affects whether CMI emission
is generated, is the ratio of the plasma frequency to the elec-
tron cyclotron frequency at the location of the radio wave
generation. CMI is only efficient at generating intense ra-
dio emission in density-depleted regions or regions of high
magnetic field strength. In the preferred source regions, the
in situ plasma frequency is small in comparison to the local
electron cyclotron frequency (Treumann 2006). The exact
ratio required is still uncertain; observations favour a ratio
of νp/νc.0.1, while CMI theory supports a ratio closer to 0.4
(Le Queau et al. 1985; Hilgers 1992; Zarka et al. 2001). We
assume that at some location along the poloidal magnetic
field line, the ratio of the plasma to cyclotron frequency is
such that the CMI mechanism is able to efficiently produce
radio emission.
3 MODEL PARAMETERS
To estimate the expected radio flux densities and emission
frequencies of exoplanet emission, we need to describe the
properties of the stars, including the stellar wind properties,
and the properties of the exoplanets. We take the host star
mass, M∗, age, t, and distance from Earth, d, from the Ex-
trasolar Encyclopaedia (Schneider et al. 2011) or the NASA
Exoplanet Archive1. In most cases we can also take the star’s
radius, R∗, directly from these catalogues. For main-sequence
stars without a listed radius we use the listed effective stel-
lar temperature and mass to estimate R∗, assuming a mass-
luminosity relation of L ∝ M4 (Duric 2004); pre-main se-
quence stars without measured radii are removed from our
sample.
For most of the exoplanets the observed mass listed is
the projected mass of the planet, Mobs = Mp sin(i), where i
is the inclination angle of the planet’s orbit with respect
to the observer. The distribution function of inclinations
for a randomly distributed sample, ignoring selection ef-
fects, is proportional to sin(i) (Halbwachs 1987). For exo-
planets with only a projected masses, we use the expected
value, < sin i >, to estimate the real mass of the exoplan-
ets, Mp = Mobs · ( 1<sin i> ) ≈ 1.15 Mobs; otherwise we use the
observed mass as the mass of the planet, Mp.
The expected radio flux density for exoplanets with
large eccentricities can vary by factors of 2 – 3 over the course
of the planet’s orbit (Stevens 2005). Thus we use the ec-
centricity, e, and semi-major axis, a, listed in the on-line
catalogues for each exoplanet, to calculate the periastron
distance, amin = a(1−e) . The estimated radio flux densities re-
ported here are only for this orbital distance.
The planetary radius is required for estimating both the
planetary magnetic field strength and flux density of the ex-
pected radio emission. For transiting planets, we can use
the measured radius, Rp, listed in the online exoplanet cat-
alogues. For non-transiting planets we calculate the plan-
etary radius following the method outlined in Grießmeier
et al. (2007a). Using the results of numerical simulations for
planetary radii, Grießmeier et al. (2007a) derived analytical
expressions to calculate the radius of a planet of mass Mp,
with an orbital semi-major axis a. For a ‘cold’ planet
Rp(a = ∞) =
(
αMp
)1/3
1 +
(
Mp
(Mmax/MJ )
)2/3
≈ 1.47RJ
(Mp/MJ )1/3
1 +
( (Mp/MJ )
(Mmax/MJ )
)2/3
(8)
1 https://exoplanetarchive.ipac.caltech.edu
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where Jupiter’s radius is taken to be RJ = 7.1492×109 cm,
α= 0.61 cm3 g−1 for a planet with the same composition as
Jupiter, Mmax = 3.16 MJ , and we use MJ = 1.9×1030 g. The
radius of an irradiated planet is then given by
Rp(a)
Rp(a = ∞) =
(Rp(a)/RJ )
(Rp(a = ∞)/RJ ) =
[
1 + 0.05
(
Teq
T0
)γ]
. (9)
Here Teq is the equilibrium temperature of the planet’s sur-
face and the coefficients T0 and γ depend on the planetary
mass (see appendix A of Grießmeier et al. (2007a) for more
details).
3.1 Stellar Wind Model
The stellar wind velocity and density encountered by an or-
biting magnetised exoplanet plays a significant role in de-
termining both the size of the planet’s magnetosphere, as
discussed in section (3.2), and the amount of energy avail-
able for the generation of the planetary radio emission. Close
to the star, the stellar wind is still accelerating and provides
much less input energy for the generation of planetary radio
emission than assuming the quasi-asymptotic wind velocity
of the Sun (Grießmeier et al. 2007a). To avoid overestimat-
ing the expected radio flux densities for small orbital dis-
tances, as in the cases of Hot Jupiters, it is necessary to
use a distance dependent stellar wind model. For simplicity
we employ Parker’s isothermal solution for the stellar wind
speed, v(r), at a radial distance r from the surface of the star
(Parker 1958)
v(r)2
c2s
− ln
(
v(r)2
c2s
)
= 4 ln
(
r
rc
)
+ 4
rc
r
− 3. (10)
The wind velocity will pass through sound speed cs, given
by
cs =
√
kbT
mp
(11)
at the critical distance rc
rc =
mpGM∗
4kbT
(12)
where kb is the Boltzmann constant, G is the gravitational
constant, T is the temperature of the stellar wind and equiv-
alent to the coronal temperature for our isothermal model,
and M∗ the mass of the star. In this work we assume the
stellar wind to be composed of protons.
Grießmeier et al. (2007a) showed that the Parker stellar
wind model is sufficient for describing the radial properties
of winds for stars with ages >0.7 Gyr. The youngest objects
in our sample are much younger than 0.7 Gyr, including 8
non-accreting pre-main sequence stars (i.e. weak line T Tauri
(WTT) stars). To check the radial velocity profiles for the
young stars in our sample we compared them to the profiles
resulting from three-dimensional numerical magnetohydro-
dynamic simulations of WTT stellar winds by Vidotto et al.
(2010). Using the case of a magnetic field aligned with the
rotation axis, we estimate a difference in the expected ve-
locities of ∼10% at distances <10R∗ and up to a factor of 2
at large distances (>60RS); this is sufficient for our order-
of-magnitude estimates of the planetary radio emission flux
densities.
To determine the stellar wind velocity at a distance r,
we solve equation (10) numerically, where the coronal tem-
perature is a free parameter. To determine the coronal tem-
perature for main-sequence stars we follow the method out-
lined in Grießmeier et al. (2007a): First we determine the
stellar wind velocity expected at 1 AU given the star’s age
and using the expression for the time behaviour of the Solar
wind at 1 AU (Newkirk 1980),
v(1 AU, t) = v0
(
1 +
t
τ
)−0.43
(13)
whose proportionality constants, v0 = 3.971×108 cm s−1 and
τ= 2.56×107 yr, are determined by present-day Solar con-
ditions. Next we adjust the coronal temperature until the
corresponding stellar wind velocity at 1 AU found using
Parker’s solution (equation 10) agrees with the value we cal-
culate from equation (13). We then use this temperature to
solve for the final radial profile of the stellar wind velocity for
a range of distances between 0.09 and 200 times the critical
distance rc . For pre-main sequence stars we assume the coro-
nal temperature to be 106 K in agreement with the models
of Vidotto et al. (2010) and solve for the stellar wind radial
profile over the same distance range. Each wind profile is
plotted and visually inspected to ensure that the physically
meaningful solution of Parker’s wind model is found.
For planets orbiting at small distances from their host
stars, the Keplerian velocity of the planet will be comparable
to the stellar wind velocity. These orbits are expected to be
circular due to tidal dissipation and the Keplerian velocity
is then given by
vk(r) =
√
M∗G
r
. (14)
The effective velocity of the stellar wind plasma relative to
the motion of the planet is then
veff =
√
vk(r)2 + v(r)2. (15)
The radial distance dependence of the stellar wind den-
sity is determined using the mass-loss rate, ÛM∗, expected for
each star
n(r) =
ÛM∗
4pimpv(r)r2
(16)
where v(r) is the stellar wind velocity at the orbital distance
of the exoplanet.
The stellar mass-loss rate is found independent of the
wind solution and is based on the age of the star. Charge
exchange interactions between the neutral hydrogen of the
local interstellar medium and an ionised stellar wind creates
a population of hot neutral hydrogen surrounding the star.
The absorption of this hot neutral hydrogen can be detected
in high-resolution Lyman–α spectra. The amount of absorp-
tion measured can be used as a diagnostic for the stellar
mass-loss rate (Wood et al. 2002). Using Solar-type stars
with both measured X-ray luminosities and HI Lyman–α
absorption, Wood et al. (2002, 2005) observed an empirical
relationship between the mass-loss rate of these stars and
their coronal X-ray surface flux. Because the coronal X–ray
surface flux is observed to evolve with stellar age, Wood et al.
(2002, 2005) then related the stellar mass-loss rates to their
age, ÛM ∝ t2.33±0.55. This scaling relationship is only valid for
stars with X–ray fluxes FX < 106 erg cm−2 s−1, and excludes
MNRAS 000, 1–14 (2018)
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the youngest and most active Solar-type stars (Wood et al.
2002, 2005).
Alternatively, Alvarado-Go´mez et al. (2016a,b) com-
bined Zeeman–Doppler imaging of magnetic structures for
young Solar-type stars and numerical codes used for Solar
system space weather modelling, to develop a self-consistent
and data-driven characterisation of the wind environment
for young active Solar-type stars. These models were then
used to derive a fully-simulated, mass-loss activity relation
ÛM ∝ F0.79
+0.19−0.14
X
. (17)
. Using the relation between the X–ray surface flux and age,
FX ∝ t1.74±0.34 (Ayres 1997), this results in the following scal-
ing relationship for the mass-loss evolution of main-sequence
Solar-type stars:
ÛM∗ ∝ t−1.37. (18)
This expression is valid for high-activity stars with X–
ray fluxes up to 100 times that of the Sun. Scaling equa-
tion (18) using the measured mass-loss rate for the Sun,
ÛM = 1014 M yr−1, we use it to calculate the mass-loss rates
for the main-sequence stars in our sample. For the WTT
stars in our sample we assume the mass-loss rate to be
10−9 M yr−1, consistent with the modelling of winds from
WTT stars by Vidotto et al. (2010).
For a Parker spiral, the interplanetary magnetic field,
(Br ,Bφ), at a distance r from the surface of the star is given
by
Br = B0
( r0
r
)2
(19)
and
Bφ = Br
Ωr
veff
(20)
where r0 = R∗, B0 is the magnetic field strength at the surface
of the star, and Ωs = 2pi/Ps is the angular velocity of a star
with rotational period Ps. The interplanetary magnetic field
perpendicular to the stellar wind flow can then be calculated
using
B⊥ =
√
B2r + B2φ sin
[
arctan
(
Bφ
Br
)
− arctan
( vk
v
)]
. (21)
main-sequence Solar-type stars are thought to lose sig-
nificant angular momentum through the coupling of their
magnetic fields and wind, causing them to spin down over
time (Bouvier et al. 2014). Similar to Grießmeier et al.
(2007b), we estimate the rotational periods for the main-
sequence stars using
Ps ∝
(
1 +
t
τ
)0.7
(22)
where t is the system age, and we take the time con-
stant τ= 2.56×107 yr and the rotational period of the Sun
P = 25.5 days.
The rotational evolution of young, still forming stars is
quite different from the scenario for the older main-sequence
stars. In the first few Myr of a pre-main sequence star’s evo-
lution, its rotation is determined by interactions between
the forming star and its circumstellar disk, which removes
angular momentum as the star contracts towards the main-
sequence. The circumstellar disks are expected to dissipate
on a timescale of a few Myr (e.g. Haisch et al. 2000) and
the rotation of the pre-main sequence star is predicted to
become faster as the young star continues its contraction
but no longer has an efficient braking mechanism (Karim
et al. 2016). The rotational periods of pre-main sequence
stars have been measured in several star forming regions,
showing a large scatter in the rotational properties among
stars that are part of a supposedly coeval population. This
scatter could be the result of a wide range of initial con-
ditions, like the primordial disk fraction, and hint at the
importance of environmental effects on rotation properties
(Karim et al. 2016). Of the 8 WTT stars in our sample only
V830 Tau b has a previously measured rotation period of
2.741 days (Donati et al. 2016). For the other 7 objects we
use a rotational period of 4.31 days, which is the average
rotational period measured for the WTT stars found in the
Taurus–Auriga star forming region (Grankin 2016).
Using literature magnetic field results, Vidotto et al.
(2014) investigated how the large-scale surface magnetic
fields of low-mass stars (∼0.1 - 2 M), reconstructed via
Zeeman–Doppler imaging, vary with age. The sample Vi-
dotto et al. (2014) used consisted of 73 stars ranging in
evolutionary stages from accreting pre-main sequence stars
to main-sequence objects (1 Myr < t <10 Gyr). For the non-
accreting dwarf stars they find that the unsigned average
large-scale surface field scales with age t as
< |Bv | >∝ t0.655±0.045. (23)
This correlation holds over two orders of magnitude in
< |Bv | > and three orders of magnitude in t. Folsom et al.
(2016) did a similar study which focused on a more well-
defined sample of stars, with ages established from clusters
or co-moving groups, finding a correlation between magnetic
field strength and age that agrees with Vidotto et al. (2014).
To estimate the surface magnetic field strengths, B0, for the
host stars in our sample we scale equation (23) using the
appropriate values for the Sun’s age, t = 4.6 Gyr, and min-
imum large-scale surface magnetic field, < |Bv, | >= 1.89 G.
3.2 Planetary magnetosphere
Predictions of the maximum emission frequency for the plan-
etary radio emission require estimates of the planet’s mag-
netic field strength at its surface. Scaling relations are used
to relate the magnetic field intensity of a planet’s dynamo
to the physical properties of the planet. Grießmeier et al.
(2007a,b, 2011) use scaling relations that assume a balance
of Coriolis force and Lorentz force; in these relations the
magnetic field strength depends on the rotation rate of the
planet.
In contrast, Christensen & Aubert (2006) assume that
the magnetic field strength is determined by the energy flux
through the dynamo region and is independent of the plan-
etary rotation rate. Using direct numerical simulations of
planetary dynamos over a wide range of parameters, Chris-
tensen (2010) tested the predicted magnetic field strengths
of various scaling relations. These tests showed that mag-
netic field scaling based on the available energy flux bet-
ter matched the results of the numerical simulations. Fur-
ther Christensen et al. (2009) generalised the energy flux
scaling relation and showed that the predicted magnetic
field strengths agree with observations of a wide range of
MNRAS 000, 1–14 (2018)
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rapidly rotating objects, from Earth and Jupiter to brown
dwarfs and low-mass main-sequence stars. In the following,
we choose to use the scaling relation of Christensen et al.
(2009) to predict the magnetic field strengths for our sam-
ple of exoplanets.
For our sample of exoplanets we use the simple expres-
sion provided by Reiners & Christensen (2010) that relates
the mean magnetic field strength at the surface of the dy-
namo to a planet’s mass, radius, and luminosity Lp
Bdyn = 4.8 kG
[ (Mp/MJ )(Lp/L)
(RP/RJ )7
]1/6
. (24)
For massive brown dwarfs and stars, the dynamo surface
is located close to the object’s surface and Bdyn represents
the mean surface magnetic field. However for giant planets
the surface of the dynamo region lies within the interior of
the planet and the surface magnetic field is attenuated due
to the overlaying material. Reiners & Christensen (2010)
assume that the depth of the dynamo surface is inversely
proportional to Mp and so the dipole field strength at the
equator of the planet is related to the mean magnetic field
strength at the surface of the dynamo by
Beq
dip
=
Bdyn
2
√
2
(
1 − 0.17
Mp/MJ
)3
. (25)
The polar dipole field strength is then, Bmaxp = 2 B
eq
dip
. The
luminosity of each planet is calculated using the power-law
expressions in Burrows et al. (2001) for massive planets.
The radius of the planetary magnetosphere is deter-
mined by the pressure balance between the planet’s mag-
netic field and the external stellar wind pressure, including
the wind thermal, magnetic, and ram pressure.
Bp(r)2
8pi
= 2nkBT +
B2∗
8pi
+ mpnv2eff (26)
where B∗=
√
B2r + B2φ is the magnitude of the stellar mag-
netic field at the location of the planet. Assuming the plan-
etary magnetic field is a dipole, the magnetic field strength,
Bp(r), scales with distance as (Rp/R)3. Substituting this dis-
tance scaling and solving for the magnetospheric radius, we
find
Rm
Rp
= (2.44)1/3

(Bmaxp )2
8pi
(
mpnv2veff + 2nkBT +
B2∗
8pi
) 
1/6
. (27)
Included in equation (27) is a correction factor of 2.44, which
accounts for the enhancement of the magnetic field at the
magnetosphere boundary due to currents (Mead & Beard
1964).
The magnetosphere of planets with weak magnetic field
strengths or those embedded in dense stellar winds, as in
the case for young systems, can be compressed to such an
extent that its radius is less than the planet’s radius. For
these planets we assume the magnetospheric radius is equal
to the planetary radius.
4 EXOPLANET CENSUS
To generate our sample of exoplanets we use the full cata-
logue of the Extrasolar Planet Encyclopaedia and the con-
firmed source catalogue for the NASA Exoplanet archive
from 2018 February 19. After removing common sources we
combine these two catalogues into a master sample of 4133
sources. Due to the stellar wind models we use to estimate
the radio flux densities, we chose to focus on exoplanets
orbiting main-sequence and pre-main sequence dwarf stars
(spectral types F, G, K, and M) and remove all other exo-
planet systems from our sample. After removing the non-
dwarf type host stars we are left with 1287 sources. We
also remove all exoplanets with masses greater than 13 MJ
– objects with masses greater than this are more likely to
be brown dwarf objects than planets. Making this cut re-
moves 35 objects. For terrestrial planets Driscoll & Olson
(2011) modified the scaling relations from Christensen &
Aubert (2006) by assuming the planetary internal struc-
ture to be similar to that of the Earth and used an op-
timal mantle convection model that maximises the avail-
able heat flux to the planet’s core to drive the dynamo. For
this mass range, they found the planetary surface magnetic
fields are reasonably constant up to planetary masses twenty
times that of the Earth (MP < 0.06 MJ ) and roughly ∼3Bs,E ,
where Bs,E = 0.3 G. This magnetic field strength corresponds
to maximum emission frequencies < 10 MHz and unobserv-
able by ground-based radio telescopes. Thus we remove all
sources with masses MP < 0.06 MJ from our sample; this re-
moves 95 objects.
There are several measured physical quantities that are
required for calculating either the expected radio flux den-
sity or emission frequency, they include: both the mass of the
exoplanet and the star, the distance to the exoplanet system,
the semi-major axis of the exoplanet orbit, and the age of
the star. Exoplanets that are missing any one of these pa-
rameters are removed from our sample of sources. Pre-main
sequence stars are removed if they do not have a measured
stellar radius. Main-sequence stars are removed if they do
not have a measured stellar radius and temperature; main-
sequence stars with only one of these quantities remain in
our sample. After making these selections this leaves us with
a total of 597 exoplanets in our sample.
We calculate the expected radio flux density and emis-
sion frequency for each of the 597 exoplanets in our sample.
Of the 597 objects, 69 (∼12%) do not satisfy the propaga-
tion condition in equation (7). The results for the remaining
sources are shown in Figure (1) for both the kinetic (1a) and
magnetic (1b) RBL. In this figure the estimated radio flux
density is plotted as a function of the maximum emission fre-
quency (bottom axis) or the maximum planetary magnetic
field (top axis). The colour of each symbol corresponds to
the natural log of the semi-major axis for the star–planet
system, objects with declinations < +30◦ are represented by
a triangle symbols and those with declination > +30◦ corre-
spond to the circles. The size of each symbol represents the
estimated mass-loss rate (1a) or surface magnetic field (1b)
of the host star based on its age.
Comparing the estimated flux densities for the kinetic
and magnetic RBL in Figure (1), its clear that in most cases
the magnetic RBL predicts radio flux densities at least or-
der of magnitude brighter than for the kinetic RBL. How-
ever, there are a few exoplanets where the opposite is true –
adding further support to consider both magnetic and kine-
matic RBL when determining best candidates for radio de-
tections. Similar to the modelling results of both Lazio et al.
(2004) and Grießmeier et al. (2007b, 2011), we find a general
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trend of decreasing flux density as the maximum emission
frequency increases. Generally the higher emission frequen-
cies are associated with larger planetary masses (Reiners &
Christensen 2010), and from the colour–mapping its clear
that the most massive planets in our sample are orbiting at
large distances from their host star, resulting in low radio
flux densities. This trend reflects a lack of high mass planets
in orbits with small semi-major axes. This deficit of massive
planets at small orbital radii is a well known phenomena,
explained by strong tidal interactions that lead to a rapid
decay of the planetary orbital radius over a short period of
time, with the planet eventually reaching the Roche limit of
the host star and is effectively destroyed (Pa¨tzold & Rauer
2002; Jiang et al. 2003). The outliers to this trend are those
objects that are the best candidates for radio observations.
The uncertainties associated with the estimated ra-
dio flux densities and emission frequencies are considerable.
They are represented by the arrows in the upper left cor-
ner of Figure (1). Similar to Grießmeier et al. (2007a) we
estimate the uncertainty for the emission frequency and ra-
dio flux density by considering the different sources of error
and calculate the range of results for a select group of ex-
oplanets from our sample. Using the uncertainties reported
in the NASA Exoplanet Archive and the Extrasolar Planet
Encyclopaedia we find that the largest uncertainties are for
the exoplanet mass and stellar age. We choose four sources
(V830 Tau b, TAP 26 b, WASP–38 b, and tau Boo b) which
span a range of ages between 0.002 – 5 Gyr and planetary
masses between 0.7 – 4.97 MJ . The uncertainty in the exo-
planet masses reported by these two archives can be as much
as a factor of 3 and for the ages up to a factor of 4. We com-
pare the emission frequencies and estimated flux densities
using the kinetic and magnetic RBL to the original values,
after varying these two parameters by a factor of 3 for the
planet mass and a factor of 4 for the stellar age. We find
that the variation in the planet mass has little effect on the
estimated flux densities, changing them by factors <2, but
can change the estimated emission frequencies by up to a
factor of 3. We find that the variation in the age greatly af-
fects the estimated flux densities using the kinetic RBL for
all the sources with variations up to a factor of 6, however
only the magnetic RBL values for the younger two sources
(V830 Tau b and TAP 26 b) are significantly affected by
the age variation with a change of up to a factor of 7. To be
conservative we assume the uncertainty in our flux estimates
to be an order of magnitude and for our estimated emission
frequencies a factor of 3; these are in agreement with the
modelling results of Grießmeier et al. (2007a). Given these
large uncertainties, the estimated values reported here are
intended to be a guide for future observations and are not
considered to be accurate.
Generally, the range of radio frequencies and expected
radio flux densities shown in Figure (1) agree with previ-
ous large comparative studies by Lazio et al. (2004) and
Grießmeier et al. (2007b, 2011). We see the same trends in
the predicted radio flux densities as a function of the max-
imum emission frequency as these authors. However com-
parisons of individual sources reveal significant differences
between our model and the models of these authors. Both
Lazio et al. (2004) and Grießmeier et al. (2007b) use different
scaling relations as to that used here to predict the maxi-
mum emission frequency leading to large difference between
our results and theirs for specific sources. As previously dis-
cussed in the literature the scaling relation used by Lazio
et al. (2004) was disproven through observations of the Solar
system and should not be used to predict planetary emission
frequencies (Grießmeier et al. 2007b). The scaling relation
from Grießmeier et al. (2007b) is rotationally dependent and
generally predicts lower maximum emission frequencies than
the rotationally independent relations we used here. The dif-
ference is not as large, and within the uncertainties of the
predicted frequencies, if we consider the non-rotationally de-
pendent frequencies predicted by Grießmeier et al. (2011),
with differences of less than a factor of 3. To check our pre-
dicted emission frequencies we compared the results for the
specific sources modelled by Reiners & Christensen (2010),
finding our values to be within a factor of 2 of their predic-
tions.
We use very different scaling relations for the mass-loss
rate and stellar surface magnetic field as to that used by
Grießmeier et al. (2007b, 2011). The relations chosen in
this work are more appropriate for estimating these phys-
ical quantities over a larger range in stellar age, down to a
few Myr, and allowed for more accurate predictions of the
emission for the young sources in our sample. The scaling
relations used by Grießmeier et al. (2007b, 2011) are appro-
priate for sources with ages t >0.5 Gyr. We find that the
disparity between the expected flux densities, assuming a
common emission frequency, is well with our uncertainties
(factors ≤3) for objects with ages similar to that of the Sun
(2.0 Gyr < t < 5.0 Gyr) than for the sources that are either
very young or very old. Also note that the flux densities pre-
dicted by Reiners & Christensen (2010) can be much higher
than ours, even though our frequencies are in agreement,
this is because they assume the stellar wind velocity to be
that of the Solar wind at the location of the Earth – this
is a significant over estimate for close–in planets where the
wind is still accelerating.
5 COMPARISON TO OBSERVATIONS
In Figure (2) we focus on the exoplanets expected to produce
the brightest radio emission at observable frequencies; again
the values from both kinetic (2a) and magnetic (2b) RBL
are shown. The 5σ sensitivity limits of three low-frequency
radio telescopes are represented by the green (GMRT), grey
(Low Frequency Array; LOFAR), and blue (MWA) shaded
regions. We use the measured sensitivities reported for the
MWA in Lenc et al. (2017), for LOFAR in van Haarlem et al.
(2013), and for the GMRT in Gupta et al. (2017), scaling
each to an integration time of 8 hours.
The integration time is chosen to maximise the sensi-
tivity of the instruments while also taking into account the
expected variability of the exoplanet emission. Due to the
narrow beaming of CMI emission, it is expected that ob-
servers will only be able to detect the expected radio emis-
sion during orbital phases where the active magnetic field
lines are suitably oriented relative to the line of sight to
the planet. Simulating the expected radio emission proper-
ties for exoplanets, Hess & Zarka (2011) showed that the
detectable emission only covers a few percent of the orbital
phase. The majority of the exoplanets that are expected to
produce observable radio emission are Hot Jupiter systems
MNRAS 000, 1–14 (2018)
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Table 1. The properties of the 18 exoplanet systems expected to be detectable in the circular polarisation survey by Lenc et al. (2018) .
Included values are the right ascension and declination (RA and Dec), the mass (Mp) and radius (Rp) of the planet, the semi-major axis
(a), the distance to the system (d), the age of the host star (t), the predicted maximum emission frequency, νmaxc , and flux density from
our kinetic, Sν,kin, and magnetic, Sν,mag, models, as well as the best 3σ limit available at 150 MHz from the literature, S150 ( Hal13:
Hallinan et al. (2013); Sir14: Sirothia et al. (2014); Mur15: Murphy et al. (2015)). The values for the full sample of sources is available
online.
Name RA Dec Mp Rp a d t ν
max
c Sν,kin Sν,mag S150 Reference
(J2000) (J2000) (MJ ) (RJ ) (AU) (pc) (Gyr) (MHz) (mJy) (mJy) (mJy)
BD+20 1790 b 07:23:44 +20:24:59 07.33 1.04 0.07 25.4 0.057 1097 1.4 209.1
GJ 876 b 22:53:13 −14:15:12 02.28 1.07 0.21 4.7 2.5 64 1.8 0.1 <17.3 Mur15
HATS–24 b 17:55:34 −61:44:50 02.44 1.49 0.03 510 0.88 61 0.0 3.4
HD 130322 b 14:47:33 −00:16:53 01.32 1.06 0.09 29.76 0.35 58 0.4 9.4
HD 210702 b 22:11:51 +16:02:26 02.18 1.08 1.20 55.93 1.4 78 0.0 4.2
HD 5891 b 01:00:33 +20:17:33 08.74 1.03 0.76 150.6 1.5 409 0.0 2.0
HD 73256 b 08:36:23 −30:02:15 02.15 1.11 0.04 36.52 0.83 74 0.3 64.2 <4.0 Sir14
OGLE2–TR–L9 b 11:07:55 −61:08:47 04.50 1.61 0.03 900 0.66 132 0.0 5.0
Pr 0211 b 08:42:11 +19:16:37 01.88 1.10 0.03 170 0.79 64 0.0 4.8
TAP 26 b 04:18:52 +17:23:17 01.91 1.09 0.10 147 0.017 351 0.1 278.0
tau Boo b 13:47:16 +17:27:25 04.97 1.10 0.05 15.6 2.52 159 0.2 269.2 <1.2 Hal13
V830 Tau b 04:33:10 +24:33:43 00.70 0.99 0.06 150 0.002 198 1.6 465.0
WASP–14 b 14:33:06 +21:53:41 07.34 1.28 0.04 160 0.75 284 0.0 10.2
WASP–140 b 04:01:33 −20:27:03 02.44 1.44 0.03 180 1.6 60 0.0 4.4
WASP–167 b 13:04:10 −35:32:58 08.00 1.58 0.04 381 1.29 240 0.0 10.9
WASP–18 b 01:37:25 −45:40:40 10.43 1.16 0.02 105.49 0.63 504 0.1 287.1 <3.4 Mur15
WASP–43 b 10:19:38 −09:48:22 01.78 0.93 0.01 80 0.4 98 0.3 173.6
WASP–77 A b 02:28:37 −07:03:38 01.76 1.21 0.02 93 1.0 59 0.1 109.6
with orbital periods of ≤ 7 days (Schneider et al. 2011). As-
suming the emission is visible for 5% of the Hot Jupiter
orbit, the longest time-scale we expect to see variability is
∼8 hours.
The generally higher expected flux densities using the
magnetic RBL means that there is a much larger number
of potentially detectable planets for this case. At maximum
emission frequencies > 10 MHz and using the magnetic RBL,
11 exoplanets are expected to produce Sν > 100 mJy level
emission, 18 exoplanets with 10 ,mJy< Sν <100 mJy, and 60
are expected to produce emission at 1 mJy< Sν <10 mJy lev-
els. In the kinetic case the maximum predicted flux density
is 3.0 mJy, with 5 objects expected to produce emission at
Sν >1 mJy level. The youngest Hot Jupiters in our sample
are expected to produce the highest radio powers in either
the kinetic or magnetic cases. However, accounting for the
distances to these sources, which can be large (d >100 pc),
we find that slightly older (a∼2 Gyr) Hot Jupiters that are
nearby (d <20 pc) are expected to produce radio emission
with similar flux densities (e.g. GJ 876 b for kinetic RBL
and τ Boo b for magnetic RBL). In the following we outline
two observational campaigns to look for the radio emission
predicted in section (2).
5.1 MWA observations at 200 MHz
As demonstrated in Lynch et al. (2017), because the MWA is
confusion limited, the sensitivity of this instrument is much
greater in circular polarisation imaging than in total inten-
sity. This makes exoplanets, whose emission is expected to be
highly circularly polarised, prime candidates for MWA cir-
cular polarisations studies. Lenc et al. (2018) recently com-
pleted the first all-sky survey in circular polarisation using
archival visibility data from the Galactic and Extragalactic
All-Sky MWA Survey (GLEAM, Hurley-Walker et al. 2017).
The survey covers declinations south of +30◦ and north of
−86◦ with a total sky coverage of 30900 sq. degrees. Lenc et
al. (2018) used the visibility data for the 169 – 200 MHz and
200 – 230 MHz frequency bands, creating a final mosaic of
the sky centred at 200 MHz. This survey achieved an angu-
lar resolution of ∼3′ and typical sensitivity of 3.0 mJy over
most of the survey region for the mosaic image. The data
reduction strategy used for this survey is described in detail
by Lenc et al. (2018) .
In Figure (2) we identify the group of exoplanets ex-
pected to be detectable the survey by Lenc et al. (2018) ,
assuming a 5σ value of 15 mJy. This selection takes into
account the expected uncertainties for both the maximum
emission frequency and radio flux density, selecting sources
with maximum emission frequencies ν > 56 MHz and flux
densities Sν > 1.5 mJy. This sample includes 18 sources,
whose physical parameters are listed in Table (1). All of
these objects are Jupiter-size planets, the majority of which
have masses MP >MJ . Roughly ∼78% of the selected sources
are also Hot Jupiters with semi-major axes a < 0.1 AU; all of
them are young with ages ≤ 2.5 Gyr. The exoplanet distance
does not seem to be as restrictive as suggested by Grießmeier
et al. (2007b) when determining the brightest candidates,
only 28% of our selected sources have distances < 50 pc. Our
calculations show that young sources with small orbital radii
can be located at distances of &100 pc and still produce de-
tectable emission.
The predicted maximum emission frequencies and radio
flux densities from the kinetic and magnetic RBL are also
listed in Table (1). Only V830 Tau b and BD+20 1790 b
are predicted to produce observable levels of radio emission
using either the magnetic and kinetic RBL. Both V830 Tau
b and BD+20 1790 b are very young and expected to en-
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Table 2. Our measured 3σ flux density, Sν , and derived lumi-
nosity, L,limits for both our MWA and GMRT observations.
Name Sν L
(mJy) (erg s−1)
MWA limits at 200 MHz
BD+20 1790 b <12.4 <1.4×1023
GJ 876 b <4.5 <1.8×1021
HATS–24 b <18.2 <8.5×1025
HD 130322 b <8.1 <1.3×1023
HD 210702 b <14.5 <8.2×1023
HD 5891 b <8.2 <3.4×1024
HD 73256 b <6.8 <1.6×1023
OGLE2–TR–L9 b <13.7 <2.0×1026
Pr 0211 b <14.7 <7.7×1024
TAP 26 b <16.8 <6.5×1024
tau Boo b <19.0 <8.3×1022
V830 Tau b <45.3 <1.8×1025
WASP–14 b <32.0 <1.5×1025
WASP–140 b <4.7 <2.7×1024
WASP–167 b <7.1 <1.9×1025
WASP–18 b <4.1 <8.2×1023
WASP–43 b <6.8 <7.8×1023
WASP–77 A b <6.0 <9.2×1023
GMRT limits at 150 MHz
V830 Tau b <4.5 <5.9×1024
counter dense stellar winds and strong magnetic fields which
inject significant energy flux into their magnetospheres. For
only one source, GJ 876 b, does the kinetic RBL predict de-
tectable radio emission while the magnetic RBL does not.
Comparing the dissipated magnetic and kinetic power as a
function of distance its clear that GJ 876 b is located at a
sufficient distance from its host star such that the kinetic
RBL dominates over the magnetic RBL; for the 17 other
sources the opposite is true.
Only 4 of these sources have previous radio upper limits,
also listed in (1), and so the limits reported here are new for
most of these sources. Using the mosaic images from Lenc
et al. (2018) , we did a targeted search of the 18 sources for
significant circularly polarised emission above the estimated
local image noise. No radio source was detected at the loca-
tion of the exoplanets we considered. To place limits on the
circular polarised emission from these sources, we measured
the rms in a box centred on the location of the source and
having a size several times the synthesised beam. The 3σ
upper limits are listed in Table (2). We also list in Table (2)
the luminosity limits assuming the emission is steady and
we ignore any beaming effects (Ω= 4pi). For 10 out of the
18 sources we targeted, the upper limits are lower than the
expected flux densities from either the magnetic or kinetic
RBL. Taking into account the uncertainty associated with
the flux density estimates, if the predicted emission levels
are an order-of-magnitude lower only 7 of those sources still
have emission that is above our 3σ limits.
In Figure (3) we compare the luminosity limits from the
literature to those reported here. The MWA upper limits are
unique in that they place limits on the exoplanet radio emis-
sion within a new frequency range (169 – 230 MHz). This is
important because of the expected sharp cutoff in emission
frequency. Complete coverage of all available low-frequency
observing bands is necessary to rule out non-detections due
to observing at the wrong frequency. The MWA limits we re-
port here are comparable to the best limits already reported
in the literature.
5.2 GMRT observations of V830 Tau b
The location of V830 Tau b in the sky is such that the
GLEAM survey only observed its position during a single
epoch with a total time on source of 12 minutes. The lack
of coverage for this position contributes greatly to its high
rms measured in the circular polarisation survey of Lenc et
al. (2018) . As this is an interesting source, given its high
predicted radio flux densities, we observed this source using
the GMRT to try to place better constraints on the radio
emission from this source.
We observed V830 Tau b in three 8-hour observing
epochs on Dec 03, 05, 06 2017 for a total of on-source time
of 24 hours. Due to the highly beamed nature of the radio
emission we expect that the emission will only be observ-
able over orbital and/or rotational phases where the beam
of emission is optimally aligned with our line of sight. If V830
Tau b is tidally locked, we expect the rotational period to be
equivalent to its 4.93 day period. Therefore we asked for our
observations to be scheduled in such a way to maximise our
orbital coverage. With the 24 hours of observational time we
were granted, we achieved coverage of 20% of the orbit. For
each of our observations we observed over a bandwidth of 16
MHz centred at 156 MHz. We observed the primary calibra-
tors 3C48, 3C147 and a secondary calibrator PKS 0428+205.
To reduce and image the data we used the Source Peeling
and Atmospheric Modelling (SPAM) software (Intema et al.
2009). SPAM is a data reduction python module that uses
the NRAO Astronomical Image Processing Software (AIPS;
Greisen 2003) via the ParselTongue interface (Kettenis et al.
2006) and Obit (Cotton 2008).
We give a brief summary of the data reduction pro-
cess of the SPAM pipeline; a more detailed outline of the
pipeline is given by Intema et al. (2017). The SPAM re-
duction pipeline calibrates and images the data in a two–
step process. During the first step, calibration solutions are
derived for our two primary calibrator sources, 3C47 and
3C148. These solutions are found incrementally over itera-
tions of RFI flagging and derivations of the complex gain
and bandpass solutions. SPAM sets the flux scale by assum-
ing a point source model and uses the flux densities and
spectral indices from Scaife & Heald (2012). To select the
best calibrator scan a weight factor was calculated from the
number of active antennas and the inverse variance of the
gain normalised amplitudes. The best calibrator scan is the
one with the highest weight factor. The calibration tables
from the selected primary calibrator were then applied to
the target field scans and basic RFI flagging was applied.
The pipeline then performs initial phase calibration and as-
trometry correction of the target field using a sky model
derived from the NVSS (Condon et al. 1998).
The second step begins with three rounds of direction-
independent phase-only self-calibration, during which vari-
ous automated flagging routines are used between the cycles
of imaging and self-calibration to reduce the residual RFI
and clip statistical outliers. SPAM then performs facet-based
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direction-dependent calibration on strong sources identified
within the primary beam FWHM. The solutions from this
calibration are used to fit to a global ionospheric model.
Using this model, a set of gain corrections is generated for
the image facets. These gain corrections are applied during
a final round of imaging and de-convolution of the target
field.
We calibrated each observing epoch independently us-
ing SPAM and then median-stacked the final total intensity
images to produce a deep image. We achieved an rms of
∼2.0 mJy in the individual, 8 hour images, and an rms of
1.5 mJy in the deep 24-hour image. We did not detect any
significant emission at the location of the planet to a 3σ
level in any of the these images; the 3σ limit from our deep
image and associated luminosity limit are reported in Table
(2). Our new limit is about an order of magnitude better
than the limit placed by the MWA observations in section
(5.1). With these more sensitive observations we can more
confidently say that if V830 Tau b had produced radio emis-
sion beamed into our line of sight at the levels predicted by
our models, including their uncertainty, we would have made
a significant detection (>10σ) of this emission.
6 CONCLUSIONS
We presented predictions for the radio emission properties
for the currently known population of exoplanets orbiting
dwarf type stars. We report the predicted maximum emis-
sion frequencies and the associated radio flux densities for
this population of sources. Similar to previous modelling ef-
forts of the comprehensive population of known exoplanets,
we find that the expected radio flux density decreases with
the associated maximum emission frequency. This trend
highlights a deficient number of Jupiter or larger sized plan-
ets orbiting their host stars at small radii. For most objects
the magnetic RBL predicts much brighter radio emission
than the kinetic RBL, however in a few cases the exoplanet
is located at a sufficient distance away from its host star so
the kinetic power dissipated dominates the star–planet inter-
action. The brightest emission is predicted for Hot Jupiters
orbiting young (t ≤2.5 Gyr) stars.
We also report upper limits from two observational ef-
forts to detect radio emission from exoplanets. Using a recent
all-sky circular polarisation survey from the MWA, we place
the first upper limits on 169 – 230 MHz emission from exo-
planets. These limits are comparable to previous limits in the
literature at other frequencies. We also carried out a targeted
observational campaign of V830 Tau b using the GMRT.
This source is of particular interest because of the predicted
bright radio emission. We place the first low-frequency radio
limit on emission from this source.
Not much can be gleamed from these upper limits,
as the uncertainties in the predicted radio flux densities
are large, and many other factors could explain the non-
detections. The large uncertainty associated with the max-
imum emission frequency makes it such that the range of
possible emission frequencies is larger than the bandwidth
of current instruments. Better estimates of the exoplanet
masses could alleviate this problem. Additionally, the scal-
ing relation of Christensen et al. (2009) appears consistent
with magnetic field measurement from Solar System plan-
ets to fully convective stars, yet it is unconstrained over the
mass gap occupied by massive exoplanets and rapidly ro-
tating brown dwarfs. CMI emission has now been detected
from the coolest brown dwarf objects (L and T dwarfs),
providing measurements for magnetic field strengths of ob-
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jects with masses between that of Jupiter and low mass stars
(Kao et al. 2016). These magnetic field strengths tentatively
suggest a deviation from the scaling relation of Christensen
et al. (2009). Future radio studies of such objects could place
better constraints on this scaling relation and allow for bet-
ter predictions of the maximum emission frequencies for Hot
Jupiters. Further, much could be gained by pushing down
limits at the lowest observable frequencies since we know
Jupiter can produce emission at these frequencies (Zarka
2007) and eliminates the uncertainty as to whether planets
can produce higher frequency emission.
For the majority of exoplanets in our sample, the mag-
netic RBL predicts much brighter radio emission than the
kinetic RBL. However, as noted in the literature, saturation
of magnetospheric convection in Hot Jupiter atmospheres
could cause these systems to be unable to dissipate the to-
tal incident magnetic energy from the stellar wind (Jardine
& Collier Cameron 2008; Nichols & Milan 2016). If this is
true, than the magnetic RBL significantly overestimates the
expected flux densities from these systems; Nichols & Mi-
lan (2016) predicts flux densities on the order of 1 mJy in
the case of convection saturation. Even worse still, Weber
et al. (2017) suggests that these massive planets will have
extended ionospheres with plasma densities large enough
to prevent the propagation of CMI emission. Counter to
that point, however, Yadav & Thorngren (2017) note that
the luminosity relations used to calculate the magnetic field
strengths for Hot Jupiter systems do not take into account
that most of these objects are inflated and could have much
stronger magnetic field strengths. This might alleviate the
issue presented by Weber et al. (2017).
Lastly, the beaming of the emission could also explain
the non-detections. Only a small percentage of the exoplanet
orbits were covered by either the GMRT or MWA observa-
tions reported here. Given this, we cannot rule out that there
is an optimal orbital phase within which we would have de-
tected the expected emission. Observations that cover the
full orbit of young Hot Jupiter systems would be able to
rule out this scenario.
The increased sensitivity expected through future up-
grades to current low-frequency telescopes and ultimately
the Square Kilometre Array (Lazio et al. 2009) will extend
sensitivity limits into a flux density and frequency regime
where many more exoplanets are predicted to produce ob-
servable levels of radio emission. The greater number of po-
tentially observable exoplanets will help to alleviate some of
the issues associated with these non-detection and increases
the likelihood of a radio detection.
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